The complex of polyinosinate with polycytidylate (poly IC) has been attached to solid carriers which can be suspended in the medium over the cell monolayer; it has also been attached to surfaces which may be overgrown by the cell monolayer. Interferon production and antivirus protection achieved by these inducer systems were measured and it was found that such anchored poly IC conveyed antivirus protection. However, in all systems studied, some release of polynucleotide from the carrier was observed and thus the results do not prove that mere contact of inducer with the external membrane is sufficient for induction of interferon.
INTRODUCTION
In studies of interferon induction, one important question which still has to be resolved is whether entry of the inducer into cell is necessary for interferon induction, or is simple external contact sufficient? Results using vinyl analogues (Pitha & Pitha, I97i ) and the polyinosinate-polycytidylate complex (poly IC) and DEAE dextran (Pitha & Carter, r97t) showed that physico-chemical modifications which tend to increase the uptake of a macromolecule also increase efficiency of interferon inducers.
In this work we studied systems where a polynucleotide inducer was anchored to a solid substrate which was too big to enter the cell, and concentrated on the question of whether a simple and unequivocal proof of the mechanism can be achieved by the study of such inducers.
METHODS

Materials.
All polynucleotides used were purchased from Miles Laboratories, Inc., and had tool. wt. higher than Io ~. Concentration of polymers are expressed in molarity of the corresponding monomer units using molar E~00 of 5"3 × Io 3 for poly I and 5"6 x Io 3 for poly C. Human fibroblast cells (passage 5 to 9) were grown in monolayers under standard conditions in minimal Eagle's medium (MEM) supplemented with IO ~ foetal calf serum (FCS). Bovine vesicular stomatitis virus (VSV), New ]'ersey serotype, was propagated in DEAE dextran pre-treated 0o/~g/ml) mouse L cells at low multiplicity and harvested at 24 h later with a titre of Ios p.f.u./ml. P.M. PITHA AND J. PITHA [ynuc[eotide to the cellulose based carriers by u.v. light. Cellulose (MN 3o0 Macherey-Nagel & Company, Duren, Germany) was washed according to Litman (1968) and dried. After grinding in a mortar, the cellulose powder (250 rag) was mixed with polycytidylate solution (poly C 0"4 ml, 0.02 M) and the mixture was allowed to dry overnight. After 1 h of further drying in vacuo, the powder was suspended in anhydrous ethanol and while stirred in a beaker, the suspension was illuminated for 15 min from Io cm distance by u.v. light (Minera-light UV I2, Ultraviolet Products, Inc., San Gabriel, Calif., U.S.A.). Solvent was left to evaporate overnight, the crust re-ground and illumination repeated once more. After that, the dried powder was extensively washed with buffer (o'15 M-NaC1, o.o~ M-phosphate, pH 7) and stored at 4 °C. Analysis (using [14C]-poly C) shows that 30 of the polynucleotide was attached firmly by this procedure, final concentration being lO .2 mol of poly C nucleotide per kg of cellulose. Release of polynucleotide from carrier during 3 months at 4 °C amounted to 3o ~.
Binding of po
For the attachment of poly[14C]-IC and poly[3H]-CI complexes to cellulose, principally the same procedure as described for poly C was used. Yields of attachment were around 6o ~ and final concentrations approximately 2 x IO -2 mol of poly IC per kg of cellulose. When attached to cellulose, the specific activity of poly[14C]-IC complex had ~.4 x lO 1° ct/ min/mol and poly[3H]-CI complex I.I x lO TM ct/min/mol. The release of poly IC from the cellulose was measured by stirring poly IC cellulose mixture in the solution of o'15 u-NaC1, 5 mM-phosphate pH 7, 50 ~ (w/w) formamide for 18 h either at 2o or 30 °C. Then the mixture was washed with o'15 N-NaC1, 5 mM-phosphate buffer pH 7, dried and the remaining radioactivity measured in liquid scintillation counter. Simultaneously, the same procedure was done in the presence of 5 to 1o times excess of non-radioactive poly IC.
A similar procedure was used for attachment of poly C to cellophane (dialysis cellulose casing, Visking Company, Chicago, Ill., U.S.A. ; washed with alkali, ethanol and water). A single sheet of cellophane was spread in Petri dish which was used as a reaction vessel; no grinding was done in this case.
Binding of polynucleotides to sephadex or cellophane by BrCN activation. The activation procedure at pH II as described by Axen & Ernback (I971) , was applied to Sephadex G-2oo, superfine. For the coupling reaction with polynucleotides (Poonian, Schlabach & Weissbach, I97I) the following reagents were used with subsequent results: (a) poly C in phosphate buffer (pH 8) gave a binding yield of 2o ~ based on poly C used, and leakage of 3o ~ during 3 months at 4 °C was observed. (b) poly I in 2-N-morpholinoethanesulphonic acid pH 6.6 buffer gave a binding yield of 4o ~ based on poly I used and leakage of 25 during 3 months at 4 °C was observed. The concentrations of polynucleotide fixed to the suspended beads were measured from the radioactivity counts. Measurement of concentration by radioactivity was found to be necessary, since the alternative method of digestion of beads by conc. HC1 invariably gave too high background for analysis by u.v. spectra, while enzymatic digestion by dextranase did not achieve the full dissolution of beads.
A similar procedure was used for binding of poly C to cellophane. Poly C was attached in a concentration of 4o0 #g of polynucleotide per g of support.
Antivirus activity assays. Before testing, cellulose, Sephadex beads or cellophane with the attached polynucleotide was stored in o'I5 M-NaC1, O.Ol M-phosphate, pH 7 buffer (PBS) at 4 °C for periods from I to 3 months to allow for complete leakage. Then the carriers were extensively washed with the same buffer and the polynucleotide concentration was remeasured. The complexing with the complementary polynucleotide was accomplished by mixing of components in buffer and letting them stand at room temperature overnight.
The amount of polynucleotide released from the carriers was found to be strongly depend-ent on the amount of serum present in the medium. Minimal release was observed in simple phosphate buffer (PBS) and thus in the experiments with cellulose or Sephadex beads cells were exposed to the carriers suspended in buffer for I h at 37 °C. For experiments using mica or cellophane sheets, the Eagle's minimum essential medium (MEM) supplemented with FCS (5 ~) was used, since otherwise cells did not attach to the sheets.
Resistance to virus and interferon were measured colorimetrically I8 h after induction. The effects of inducers on single step infection was measured by virus yield at 15 h after infection. The experimental methods have been described in greater details in earlier papers (Pitha & Carter, i97I ; Pitha & Pitha, I97~ ; Pitha, Marshall & Carter, I97Z) .
RESULTS
Two interferon inducing systems were studied. In the first system the inducer was attached to a particular solid carrier. The suspension of particles was then gently shaken over the cell monolayer, under conditions where no mechanical damage to cells occurred. Sephadex beads and cellulose powder were found to be satisfactory carriers; ground mica and activated carbon particles were found to be unsuitable. In the other approach, we used a system where the polynucleotide was anchored to the surface over which the cells were grown. Cellophane, a material which was used extensively in early days of tissue culture, was found to be suitable for this purpose; mica sheets also represent a good adsorbing surface for polynucleotides and sufficiently support cell growth.
Powdered cellulose, cellophane and Sephadex are all modified polysaccharides; therefore, similar chemical methods are appropriate for the formation of bonds between the polynucleotide and each of these substrates. It is known that BrCN activates the attachment of DNA or RNA to Sephadex (Poonian et al. ~97I); furthermore, during our work, a preliminary report appeared describing the attachment of poly IC to Sephadex (Wagner, Bugianesi & Shen, I97 0. Essentially, the same procedure was used for both Sephadex and cellophane carriers, attaching one strand only-poly I or poly C. After extensive washing of the material, the complementary strand was absorbed from the solution. The chemical bond formed in this process is: polysaceharide--C:NH-O-polynucleotide. This bond is prone to hydrolysis, therefore, when the nucleotide derivative is attached by only one such bond, considerable release from the carrier is found (P. M. Pitha, unpublished observations). The low release observed with our preparation as well as with the preparation of Wagner et al. 097i) , indicates that there is probably a multipoint attachment. The other type of reaction used for chemical attachment of polynucleotides is the photochemical addition of a polysaccharide hydroxyl group to the heterocycle moiety of the polynucleotide. This method was originally used for the preparation of DNA-cellulose and RNA-cellulose columns (Litman, i968; Smith, Smith & Pitko, I972); with the poly C system we easily obtained stable binding, especially with cellophane. Higher densities of polynucteotide can be attached by this method than with the previous one.
If poly IC was used directly for photo-attachment to cellulose (rather than just poly C), slightly higher yields were obtained (Table I) . Even then the bond is prevalently of the poly C-cellulose type, since the poly I strand can be exchanged more easily than the poly C strand under conditions which decrease the stability of the double helix (Table I) .
In order to attach poly IC to mica or activated carbon, an adsorption process, which does not involve the formation of chemical bonds was used. Gordon & Kleinschmidt (~ 97o), while looking for a new support for electron microscopy of nucleic acids, studied the properties of mica surfaces, and found that when activated by A1 a+ ions, mica adsorbs 1,. M. PITHA AND J. PITHA * The treatment of poly IC-cellulose mixture was described in Methods and % of radioactivity remaining on cellulose are given; experiments were done in duplicates, the numbers represent mean values.
~unT-~, DNA. The amount of adsorption to the large surface area of a ground preparation of mica is shown in Fig. I ; clearly, A1 a+ activation is a necessary step for adsorption. A tracer method was used to measure adsorption to a surface on which the cells were grown. It was found that around o.2 ~ of poly IC was adsorbed from a Io -a M solution under the experimental conditions used. Results on the adsorption of poly IC to active carbon are also given in Fig. I . Polynucleotide binds to carbon, but the amount of inducer bound per g of carbon was judged insufficient for experiments with cells. To measure interferon induction by the suspension of particles to which poly IC was bound, a short induction period (I h) was used. The concentration of inducer and its separation from the carrier were measured using radioactive polynucleotides. Results on antivirus activities are given in Tables 2 and 3 . Single-stranded polynucleotides did not have any apparent effect; the activity of double-stranded poly IC was approximately the same whether it was bound to the particles or was free in solution. Wagner et al. I97I in a preliminary communication, mentioned that Sepharose which has poly IC attached induces interferon in tissue culture. We found that during the induction period, only a small amount of radioactivity was lost (decrease from 3000 to 270o ct/min) from the particles. While the absolute magnitude of the antivirus effect and the leakage can probably be changed by variations in experimental conditions, the observation that only double-stranded structure has any significant effects seems to be invariant.
The antivirus properties of surfaces carrying poly IC were tested by adding the trypsinized 
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Poly I lo -4 -- cells to the cellophane or mica and letting them attach and grow for 24 h; after that, the cells were infected by virus. The fate of poly IC on mica during these 24 h was studied and is given in Table 4 ; the majority of radioactivity was detached into the medium and the percentage bound to cells was only slightly higher with mica than without it. Antivirus properties induced by such treatment were very variable for mica; in eight experiments, protection ranged from o-8 to Io times the control (the control being the same amount of poly IC free in solution). With cellophane surfaces, the protection observed was always much lower than that observed in controls (5 to 2o ~). The high variation is probably due to kinetic * Cells were detached by trypsinization and collected on glass filters; washed with saline solution and dried with ethanol before measuring radioactivity by liquid scintillation counting.
-~ Not present in the system. effects: poly IC may escape from the surface of mica before the cells are fully attached and competent to produce interferon. When our work was completed, a paper by De Clerq & De Somer (I972) was published where monolayers of L-cells were used in the same way as mica was in our case; upper limits of poly IC potentiation are apparently the same for both methods.
DISCUSSION
It is not known whether poly 1C exerts some or all of its antivirus activity solely through interaction with cell membrane structures or whether the polynucleotides (or one of them) have to enter the cell. Although the uptake of the poly IC complex by different cells has been extensively studied (Bausek & Merigan, I969; Pitha & Carter, t97t; Schell, I97t; Pitha et al. I972 ) , it is rather difficult to discriminate between binding of the poly IC to the membrane and intracellular uptake.
In the present studies, we attached poly IC to a solid matrix and demonstrated that the antivirus effects of poly IC are not lost by the attachment of polynucleotide to a carrier in some cases even a potentiation of effects was observed. The antivirus activity does not seem to depend in a critical way on the stability of attachment. Separation of poly IC from mica was nearly complete during the experiment, but the biological activity was low. On the other hand, the release of polynucleotide from cellulose or Sephadex was not substantial (IO ~o loss), yet the complex had the same or slightly higher activity than when induction was carried out by poly IC in solution only. Since the poly IC complex can retain its antivirus activity even while coupled to a large particle (which apparently cannot enter the cells), this might point to the location of the interferon induction site on the outer part of the cellular membrane and suggest that for interferon induction, poly IC does not have to enter the cells.
However, a note of caution should be made. If intracellular uptake is necessary for induction, only a small amount of internal poly IC may be sufficient for inducing interferon. Since cleavage of the bound poly IC molecules would not necessarily result in inactive fragments, any liberation of poly IC from its carrier could result in high local concentrations of inducer at the cell surface, potentiate its uptake and consequently its biological effect.
Thus the question of location of the induction site still remains open for the moment; to establish an external site of interferon induction using carriers, the loss of polynucleotide from the carrier would have to be completely eliminated, which may not be experimentally feasible.
